Previously, we reported that human p53 is functionally inactivated by S-glutathionylation at Cys-141 during oxidative and DNA-damaging treatments. Here, we describe the presence of thiolated p53 and dynamic nature of this modification in human tissues using unique and specific polyclonal antibodies raised against a 12-residue p53 peptide bearing a mixed disulfide at Cys-141. The affinity-purified antibodies (glut-p53) were sequence-specific in that they recognized the antigenic peptide but not the unthiolated peptide or a scrambled glutathionylated peptide in ELISAs. On immunoblots, the purified antibodies did not react with native p53 or recombinant p53 (rp53), but readily detected the glutathionylated or cysteinylated or ethanethioltreated rp53 only under non-reducing conditions. Untreated HCT116 cells showed low levels of glut-p53 which increased markedly after H 2 O 2 , diamide, cisplatin, and doxorubicin treatments. Glut-p53 levels decreased sharply after passing cells to oxidant-free media, suggesting efficient dethiolation. The mutant p53 present in HT29 and T47D human cancer cells was also recognized. In vitro, the glut-p53 was rapidly degraded by rabbit reticulocyte lysates. Human prostate and prostate cancer tissues showed abundant presence of glut-p53 in luminal epithelium, a site wellknown to generate ROS. Melanoma and colon cancer samples were also positive for glut-p53. Availability of the thiolation-specific antibodies should enhance our knowledge of p53 regulation in redox-perturbed states found in various diseases including cancer.
Introduction
The p53 tumor suppressor protein is a versatile transcription factor whose functional inactivation triggers oncogenic events and facilitates the emergence of unstable genomes in 50% of all human cancers. It regulates multiple biological processes including genotoxic responses, cell cycle control, DNA repair, differentiation, and apoptosis through transcriptional activation of a large number of target genes to counteract a variety of endogenous and exogenous cues [1] [2] [3] . Diverse cellular events such as endogenous and therapy-induced damage to DNA, hypoxia, stresses associated with metabolism, DNA replication and redox imbalance govern the activation and stabilization of p53 protein through a variety of posttranslational modifications, such as site-specific phosphorylations, acetylation, and sumoylation [4] [5] [6] . In contrast, it is well known that the transcription factor activity of p53 is highly susceptible to oxidative inactivation during physiological and pathological stresses that generate reactive oxygen species (ROS) and nitrogen species (RON), as well as their byproducts, H 2 O 2 , and hydroxyl radicals [7, 8] . Abundant evidence such as the need for a reductant in p53-DNA binding reactions [7, 9] , attenuation of p53-dependent reporter gene expression by oxidants and the reactivation of oxidized p53 by Ref-1 and thioredoxin [10] [11] [12] in cells, indicate that p53 is a redox-dependent transcription factor, similar to NF-κB and AP-1. Consistent with these observations, we and other investigators have shown that human p53 harbors several redox-sensitive cysteines in the DNA-binding domain [7, 13, 14] .
While most of p53's posttranslational modifications stabilize and/or facilitate the p53 protein to enable it to become a fully competent transcription factor, we recently showed that the tumor suppressor is also negatively regulated via glutathionylation when human cells are subjected to DNA damage, as well as, oxidative and nitrosative stresses [14] . SGlutathionylation, (often called S-thiolation collectively referring to small molecular weight thiols) is a reversible posttranslational modification involving the formation of mixed disulfides between anionic cysteines present on protein surfaces and glutathione (GSH or GSSG) [15, 16] . These reactive thiol groups are highly sensitive to attack by ROS (and RNS) and step-wise oxidations to thiyl radical (S*), sulphenic acid (SOH), sulphinic acid (SO 2 H), and the terminal sulphonic acids (SO 3 H). The oxidized cysteines, SO 2 H and SO 3 H generally lead to irrevocable loss of biological activities for most proteins. However, all oxidized forms of cysteines except the SO 2 H and SO 3 H can be stabilized through glutathionylation within the protein environment and recycled back to the thiol state either through enzymatic (glutaredoxin / thioredoxin /disulfide isomerase -catalyzed) or non-enzymatic dethiolation [15] [16] [17] . Thus, glutathionylation of reactive cysteines in metabolic enzymes, kinases, phosphatases, and transcription factors has emerged as a central mechanism by which changes in the intracellular redox state may be transduced into functional responses. Very much like phosphorylation, this modification can modulate enzyme activities, alter transcription profiles, and modify protein-protein interactions, and regulate adaptive cell signaling [16] .
In a previous study, we demonstrated that human p53 protein is a substrate for glutathionylation and that this modification perturbs p53 structure and inhibits binding to DNA. Both oxidants and DNA damaging agents were shown to significantly increase the levels of glutathione-conjugated p53 in cancer cells [14] . Cysteines 124, 141 and 182 were identified as targets for this modification; of these Cys-141 was identified by two mass spectrometry procedures to be the most reactive and to constitute a major site for glutathionylation [14] . Oxidation of cysteine-141 that contributes to p53 inactivation has been confirmed in another study; in this case, the oxidative damage to DNA was shown to be relayed to the distantly bound p53 through a charge transfer [18] . p53 function may be negated frequently by the chronic oxidative stress prevalent in human cancers and some normal tissues. As such, the extent of p53 glutathionylation can serve as a valuable biomarker in a variety of diseases including cancer. Therefore, to easily quantitate the dynamics of p53 glutathionylation, we generated polyclonal antibodies (p53-glut) that uniquely recognize the Cys 141-glutathionylated state of p53. This report describes the generation and characterization of p53-glut antibodies and its efficacy in visualizing the glutathionylated p53 and its dynamics in cancer cell lines, prostate cancer, and other malignancies.
Materials and Methods

Cell lines and reagents
Human cancer cell lines HCT116, HT29 and T47D were obtained from ATCC and maintained in Dulbecco's minimum essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics. Most reagents, of the highest available grade, were procured from Sigma Chemicals unless otherwise mentioned. The anticancer drugs cisplatin, doxorubicin and camptothecin were obtained from LKT laboratories (St. Paul, MN).
Antibody production
A 12 residue p53 peptide having the sequence 136 QLAKTCPVQLWV 147 that harbors the major glutathionylation site Cys-141 was synthesized, and a mixed disulfide with glutathione was induced through on-resin air oxidation [19] . The thiolated peptide was purified, the presence of glutathione linkage was verified by mass spectrometry, and coupled with keyhole limpet hemocyanin [20] . The peptide-hemocyanin conjugate was mixed with incomplete Fruend's adjuvant for the initial injection and with complete Fruend's adjuvant for booster injections. After the initial subcutaneous injection with the peptide into 5 rabbits, two booster injections were administered. Antisera were collected after the second booster dose and the initial assessment for the presence of p53-glut specific antibodies was performed. Finally, blood from rabbits was collected by cardiac puncture according to the guidelines set by the Institutional Animal Use and Care Committee.
Affinity-purification of antiserum
The glutathionylated antigen peptide and the non-glutathionylated p53 peptide were coupled to the HighTrap NHS-activated HP resin (GE Healthcare, Piscataway, NJ) through the amino groups at neutral pH according to manufacturer's instructions. The antiserum from the rabbit 11388 was first circulated through the non-glutathionylated affinity column for 5 h and the unbound fraction was collected. This flow-through was then applied to the glutathionylated peptide column followed by extensive washing with PBS containing 0.05% Tween-20. The bound antibodies specific to glut-p53 were eluted with 0.1 M glycine-HCl (pH 2.6) and fractions were collected in tubes containing 2 M Tris-HCl buffer (pH 8.5) for neutralization [20] . The antibody fractions were freeze dried and dissolved in PBS at 0.3 mg/ml.
In vitro glutathionylation / cysteinylation of recombinant p53 protein
Recombinant p53 (rp53) protein was expressed in E. coli and purified essentially as described previously [14] . For in vitro glutathionylation or cysteinylation, rp53 (1μg) was incubated with 10 mM reduced glutathione (GSH), or 10 mM cysteine, in phosphate buffer (pH 7.5) at 37°C for 30 min. Protein samples were passed through Biogel-P6 spin columns to remove excess of thiols [14] . For demonstrating the reversibility of the reactions, some samples were incubated with 10 mM dithiothreitol (DTT) for 10 min. All samples were electrophoresed on 12% non-reducing SDS-gels and proteins were transferred to PVDF membranes. The blots were blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.5% Tween 20 (TTBS), followed by an overnight incubation with the primary antibody (1:200 dilution). The blots were subsequently incubated with anti rabbit IgG-HRPconjugated secondary antibody (1:5000 dilution) and developed using enhanced chemiluminiscence (ECL reagent Pierce).
Assay for determination of glutathionylation of p53 in cells
Exponentially growing HCT116 cells were exposed to oxidizing agents viz., H 2 O 2 (0.4 mM), diamide (DA, 0.6 mM) or tert-butyl hydroperoxide (TBH, 0.6 mM) for the specified times. After the incubation, the control and oxidant-treated cells were washed with phosphate buffered saline (PBS), trypsinized and sonicated in 30 mM Tris-HCl (pH 7.8) containing 1 mM PMSF and 3 mM benzamidine. Equal protein amounts (50 μg) were electrophoresed on 12% non-reducing SDS gels. One set of samples were mixed with 5 mM DTT for 10 min before electrophoresis. The proteins were transferred onto PVDF membranes followed by blocking with 5% non-fat dry milk, incubation with affinitypurified anti-glut p53 antibodies (1:200 dilution) and anti-rabbit IgG-HRP and ECL for specific detection of thiolated p53.
ELISA
The presence of p53-glut antibodies in the rabbit antisera and their specificity was determined using an ELISA kit (Bethyl Labs) according to the manufacturer's instructions. For confirming the sequence specificity of antibodies, a scrambled peptide with the sequence KVPQVLWTLCAQ (compared to QLAKTCPVQLWV sequence of p53) was synthesized (Biosynthesis Inc, Lewisville, TX) and glutathionylated as described previously [19] . Next, the microtiter plates were coated with 1-25 ng glutathionyalted antigenic peptide or non-glutathionylated peptide with the same sequence as the antigen or glutathionylated scrambled peptide overnight at 4°C. Affinity-purified p53-glut antibodies (1:1000 dilution) were added and plates were incubated at 4°C for 6 h. Plates were washed and incubated with the HRP-conjugated anti rabbit secondary antibody for 1 h at room temperature. The color was developed using 3,3′, 5,5″-tetramethylbenzidine (TMB) as the substrate, and the absorbance determined at 450 nm using a microplate reader (Molecular Devices Corp.).
Immunofluorescence analysis of Glut-p53 expression
HCT116, HT29, and T47D cells were cultured on sterile cover-slips and treated with the oxidizing agents as described previously. Untreated and treated cells were fixed with 4% paraformaldehyde for 20 min and washed three times with PBS. Next, they were blocked using 5% bovine serum albumin (BSA) containing 0.1% Triton X-100 for 2 h. Cells were stained with the p53-glut antibody (1:500 dilution) overnight at 4 °C, washed thrice with PBS and incubated with Alexa Flour 594-conjugated goat anti-rabbit IgG (Invitrogen) for 1h. Cells were counterstained with Hoechst to observe nuclei, washed and mounted on slides. Cells were viewed under a fluorescence microscope (Olympus IX 81) and, the images acquired.
Immunohistochemistry
Human cancer tissue microarrays (prostate cancer and adjacent normal tissue, gastric cancer, colon cancer, and melanoma) mounted on glass slides were obtained from Millipore, Imgenex and Biomax Companies. The slides were processed by standard immunohistochemical procedures [20, 21] . Briefly, they were de-paraffinized at 62°C followed by two changes in xylene bath and rehydrations in 100%-75% ethanol and PBS. Antigen retrieval was performed by 20-min incubation in 10 mM citrate buffer (pH 6.0) at 95°C followed by inactivation of endogenous peroxidases with 3% H 2 O 2 . The sections were then blocked in 5% BSA for 2 h and overlaid with the p53-glut antibody (1:500 dilution) and incubated overnight at 4°C. They were washed with PBS and incubated with HRPconjugated anti-rabbit antibody (1:2,000 dilution) for 1 h. The washed slides were subjected to diaminobenzidine (DAB) -peroxidase staining, counter stained with hematoxylin. All sections were examined by light microscopy to qualitatively assess the presence or absence of immunostaining, its intensity of positivity, strength, and its distribution. Immunostaining intensity in non-neoplastic and neoplastic tissues was visualized in all areas of the slides, the scores were averaged and presented as undetectable (-), weak (++), moderate (+++), and intense (++++).
In vitro degradation of glutathionylated p53 protein
Glutathionylated rp53 was prepared as described earlier and used as the substrate. Proteolysis assays in the presence of rabbit reiculocyte lysates (35 μl final volume) were performed in Tris-HCl (pH 8.0) containing 0.5 mM dithithreitol, 4 mM MgCl 2 , 1 mM ATP, 1 μg ubiquitin, 1 μg rp53 or 1μg glutathionated rp53. Reactions were started by the addition 10 μl rabbit reticulocyte lysate (Promega) and incubation at 37°C for 10-40 min. Samples were then subjected to SDS-PAGE and western blotting using anti-p53 (DO-1) antibodies. The p53 protein bands were quantitated by densitometry.
Statistical analysis
All experiments including the western blotting and immunohistochemical analyses were performed at least four times independently. Results were assessed by Student's t test. Significance was defined as P<0.05.
Results
Production of polyclonal antibodies and their initial characterization
Our recent study using mass spectrometry showed Cys-141 to be a major and preferred site of glutathionylation for human p53 [14] . To quantify the extent of and probe the biological effects of this inhibitory posttranslational modification, we raised polyclonal antibodies using a p53 peptide (amino acids 136-147) in which Cys141 was bound to glutathione through a disulfide bond. The modified peptide was immunized in 5 rabbits. Sera were collected after two booster injections and subjected to initial characterization for p53-glut specific antibodies. For this, the recombinant p53 protein was glutathionylated, gel-filtered to remove the residual thiols and used as the target. In these assays, rp53, glutathionylated rp53, glutathionylated rp53 incubated with 5 mM DTT were electrophoresed on nonreducing SDS-polyacrylamide gels and western blotted using whole rabbit sera. The top panel of Fig. 1A shows a representative blot. The sera from most rabbits except 11389 recognized the unmodified denatured rp53 protein feebly. However, they all detected the glutathione-conjugated p53, albeit to different extents. When glutathionylated p53 samples were exposed to DTT (prior to SDS-PAGE) for reducing and reversing the mixed disulfide linkages between GSH and cysteines on the p53 protein surface [14] , the band intensities were consistently diminished with the sera from rabbits 11386 and 11388. Reprobing the membranes with a monoclonal antinbody (DO-1) that recognizes the wild-type human p53 showed the presence of p53 protein at equivalent levels in all lanes (Fig. 1A , bottom panel). These data demonstrate that (i) the rabbits generated a mixture of antibodies recognizing different epitopes of the peptide antigen, namely, glutathionylated p53 and denatured and/or reduced p53 protein, and (ii) the anti-glut p53 antibodies were present at sufficient levels in the sera from the rabbits 11386 and 11388.
Recognition of cysteinylated p53 by the antisera
Although glutathione, being the most abundant thiol, is a major component in forming mixed disulfide linkages with the protein-bound reactive cysteines (S-glutathionylation), cysteine and homocysteine are also capable of generating such disulfides (S-cysteinylation and S-homocysteinylation) [15] . These variants of S-thiolation can trigger signaling events much similar to glutathionylation under oxidative stress [15, 22] . We reasoned that p53-glut antibodies may also recognize cysteinylation of the tumor suppressor due to the innate cysteine involvement of glutathione peptide in disulfide bonding. Therefore, rp53 was cysteinylated, gel-filtered to remove unreacted cysteine and subjected to western blot analysis using whole sera against the p53-glut peptide. Figure 1B shows that similar to glutathionylation, the polyclonal antibodies also detected the cysteinylation of p53. The cysteinylation was also reversible by DTT (lanes 4, 6 and 8), and rabbits 11386 and 11388 had specific antibodies that recognized this posttranslational modification. Collectively, the results shown in Figures 1AB indicate that small amounts of antibodies directed to the mixed disulfide at Cys-141 of the p53 protein were indeed generated, despite the presence of antibodies targeted to the p53 peptide that predictably lost the GSH-linkage in vivo.
ELISA using affinity-purified antibodies
Antiserum from rabbit 11388, which had the highest amount of the desired species, was affinity-purified step-wise, first collecting antibodies that did not bind to the nonglutathionylated peptide, and then binding them with the antigenic peptide column as described in Methods. The specificity of the purified antibodies was tested by quantitating their ability to bind the antigenic (glutathionylated p53) or control (unglutathionylated p53) or glutathionylated scrambled peptides in a sandwich ELISA format. Figure 2A shows the dose-dependent binding of the antigen peptide to the antibodies and the complete failure of the non-glutathionylated and thiolated scrambled counterpart to bind the antibodies in these assays. Exposure of the antigen-coated plates to 5 mM DTT for 20 min eliminated the ELISA signal. The minimum detectable concentration for the antigen was determined to be 1 ng/well and the detection range for OD 450 was linear to 25 ng/well ( Fig. 2A) . The data shows that affinity-purified p53-glut antibodies were sequence-specific and sensitive to bind small amounts of the antigen.
Determination of specificity of purified antibodies
Western blot analyses of modified rp53 were performed to confirm the specificity and utility of the purified antibodies. As shown in Fig. 2B , the affinity-purified IgG detected the glutathionylation of rp53 under non-reducing conditions, but not after DTT exposure. The unmodified protein was not recognized. Further, competition experiments were performed by mixing the purified IgG with the antigenic (glutathionylated) or non-glutathionylated 12-residue and scrambled glutathionylated peptides and using the resulting samples as primary antibody sources for immunoblotting. Figure 2C shows that antibodies depleted with the antigen peptide failed to interact with the glutathionylated rp53 while the unmodified control peptide or glutathionylated scrambled peptide failed to eliminate the detection of same target. Next, to assess the quantitative detection of the antigen, glutathionylated and unmodified rp53 were mixed in different ratios followed by Western blotting. Figure 2D shows that the band intensities increased proportionately with the increased input of modified p53; this relationship was linear in different experiments as verified by densitometry (not shown), thereby suggesting the usefulness of antibodies for quantitative analysis of glut-p53 in biological systems. Because inactivating human p53 through glutathionylation may have therapeutic relevance, we explored the ability of a smallmolecule ethanethiol (C 2 H 5 SH) to thiolate the rp53 protein. The western blot shown in Fig.  2E reveals that p53-glut antibodies detected the chemical-induced thiolation of p53 at Cys-141.
It is necessary to establish that the antibodies are specific to the thiolation in the p53 protein and does not recognize the mixed disulfide bonds in global proteins. We performed two types of experiments to prove this fact. First, we electrophoresed extracts from HCT116 cells (control and diamide-treated) and probed the resulting blot with purified anti-p53 glut antibodies. The western blot shown in Fig.S1 did not reveal protein species other than a 53 kDa band corresponding to p53 (also see Fig. 3C ). Secondly, we used the rabbit muscle creatine kinase (CK, Sigma Chemicals), which is an established substrate for glutathionylation [23] for proving the specificity of p53-glut antibodies. In this experiment, purified creatine kinase protein was glutathionylated in vitro [14] and western blotted separately using the p53-glut antibodies or a monoclonal antibody to GSH (Virogen) that is capable of detecting glutathionylation in any protein [24] . The results shown in Fig. 2F reveal that the p53-glut antibodies did not recognize GSH-treated CK while the anti-GSH antibody did, thus, confirming the non-reactivity of our antibodies with bulk protein thiolation.
Detection of glutathionylated p53 protein in human tumor cells
Using immunoprecipitation/western blot analysis, we demonstrated previously that acute oxidative stress and DNA damage increase glut-p53 protein levels in human tumor cells [14] . Therefore, direct western blot analysis using p53-glut antibodies was performed to confirm these data. HCT116 cells were exposed to moderate concentrations of H 2 O 2 , TBH and DA for up to 20 min. The cells were also exposed to DNA-damaging chemotherapeutic agents, camptothecin and doxorubicin (inducers of topoisomerase I-and II-mediated strand breaks, respectively) and cisplatin (crosslinking) for 6-12 h. A total of 40 μg protein in the cell lysates were electrophoresed under non-reducing conditions and subjected to western blot analysis. As shown in Fig. 3 AB, a short-term redox imbalance induced by all oxidants increased the amount of glut-p53. As expected, exposing the protein samples to DTT before SDS-PAGE diminished the intensity of immunoreactive bands demonstrating the reversibility of the modification and specificity of the antibodies. A full-length western blot from camptothecin-treated cells that was developed for a slightly longer time (3 min) is shown in Fig. 3C . On this blot, we observed an extra band around 107 kDa; both the 53 and 107 kDa bands were eliminated when the samples were treated with DTT and electrophoresed (lane 3 in Fig. 3C ), clearly suggesting that the upper band was a dimer linked through a disulfide bridge. Furthermore, the genomic damage induced by the anticancer drugs also enhanced glut-p53 levels in a time-dependent manner with camptothecin being superior to doxorubicin and cisplatin (Fig. 3D) . Total p53 levels assessed by western blot analyses using the DO1 monoclonal antibody approximately paralleled the raises in glutathionylated p53 protein (not shown); similar observations have been made in other experiments, implying that as cellular p53 levels increase, small proportions of the protein may be thiolated perhaps as an acute defense mechanism (14) . Taken together, these results indicate that different types of cellular stresses can induce Cys-141 thiolation in human p53 protein.
Glutathionylated p53 is prone to ATP-dependent degradation
To explore if the glut-p53 is perceived by human cells as an inactivated protein and eliminated, we compared the in vitro degradation of rp53 and glut-rp53 in rabbit reticulocyte lysates, which are well known to support proteasomal and ubiquitination-dependent protein degradation [25, 26] . rp53 and glutathionylated rp53 proteins were incubated with reticulocyte lysates in the presence of Mg 2+ and ATP at 37°C. The reaction mixtures were immunoblotted and probed with D0-1 monoclonal antibodies for p53 which recognize the full-length (modified and unmodified) p53 protein [27] . Figure 4 shows that while rp53 remained largely undegraded during the 10-40 min incubation, glut-p53 disappeared progressively. The results suggest that the thiolated p53 may be an unstable protein with susceptibility for fragmentation or elimination through ubiquitination-dependent proteolysis.
Immunoflourescence localization of glutathionylated p53 in human cancer cell lines
To determine the immunocytochemical applications of the new antibodies and to study the dynamics of p53 Cys141 thiolation in human tumor cells, the colon cancer cells HCT116 and HT29, and T47D breast cancer cells were grown on cover slips, and treated with oxidizing and DNA-damaging agents as described above. The cells were fixed, treated with purified glut-p53 antibodies, and visualized using anti-rabbit IgG labeled with Alexa 594. As shown in the Fig. 5A , glut-p53 was present in untreated HCT116 cells at low but detectable levels, suggesting that normal levels of cellular stress can induce this modification. Induction of acute oxidative stress by diamide and H 2 O 2 markedly increased glut-p53 staining (Fig. 5B, and D) . When diamide-treated cells were exposed to 10 mM DTT prior to incubation with glut-p53 antibodies, a significant reduction in the fluorescence signal was observed (Fig. 5C) . Postincubation of H 2 O 2 -treated cells for 2 hours in oxidantfree media (DMEM with 10% serum) also resulted in diminished glut-p53 staining (Fig. 5E ) suggesting of protein dethiolation and the dynamic nature of the modification. The majority of the staining was confined to the nuclei, as evident by the overlap with the nuclear Hoechst staining (not shown). The photomicrographs in Fig. 5F and 5G show the markedly enhanced levels of glut-p53 after doxorubicin and cisplatin treatments respectively. Staining of HCT116 cells for total p53 protein using the DO1 monoclonal antibody was also performed after these treatments. Consistent with the activation of p53 known after various stresses, an increased immunocytochemical staining was seen after the exposures above (Fig. S2) . Further, it was of interest to test whether the mutant p53 present in HT29 and T47D cells [28] also respond to oxidative stress. The p53 mutations facilitate the accumulation of p53 protein to higher steady-state levels in these cell lines. Interestingly, the untreated HT29 cells harbored higher levels of glut-p53 which did not change significantly after diamide exposure (Fig. 5HI) . Similar results were obtained with the mutant p53 in T47D cells (Fig.  5JK) . The inability of diamide to induce Cys-141 thiolation of mutant p53 is surprising, and may relate to the conformational changes in the protein, and/or accessibility of the redoxsensitive cysteines. The diminished staining of glut-p53 after DTT exposure (Fig. 5C) is consistent with the reversibility of the modification and confirms the antibody specificity. Similar to our data, DTT and 2-mercaptoethanol have been shown to attenuate protein glutathionylation signals in immunohistochemical, ELISA and western blot analyses [29] [30] [31] , however, less than complete reversal of staining has been reported in several publications [29] [30] [31] [32] [33] . Overall, these results demonstrate the usefulness of antibodies for immunohistochemical analyses and suggest that both wild-type and mutant p53 are susceptible to Cys-141 glutathionylation.
Immunohistochemistry of glutathionylated p53 in human prostate cancer and other cancer tissue microarrays
In view of the increased and sustained oxidative stress known to exist in various human cancers [34, 35] , we investigated the presence of glut-p53 in tissue microarrays from apparently normal prostate adjacent to cancer, prostate adenocarcinomas, gastric cancer, and melanoma tissues. The paraffin-embedded tissue sections were processed by routine procedures, immunostained with the affinity-purified p53-glut antibodies and visualized by the brownish stain resulting from the 3-aminobenzidine reaction with HRP. We examined 6 prostate tissues located near cancer, 15 prostate adenocarcinomas (Gleason's scores 1 to 4), 2 gastric cancers, 3 melanomas and 4 colon cancer tissues. Figure 6 shows the representative staining pattern and distribution of glut-p53 in these tissues. Interestingly, among the tissues tested, all apparently normal prostate samples (possibly hyperplastic) present adjacent to the cancers were strongly positive for glut-p53 with moderate (+++) to intense levels of staining (Fig. 6A) . In these tissues, the staining was mostly cytoplasmic, and restricted to the luminar epithelium, with very little staining in the secretory cells (stained with hematoxylin). The pattern of staining in prostate adenocarcinomas was similar with the epithelial lining of malignant glands showing the presence of glut-p53. However, the staining was diffuse, with nuclear to cytoplasmic distribution. Interestingly, the collective p53-glut staining in prostate cancers was significantly lower (+ to +++ score range), when compared to corresponding normal tissue, both within a single specimen and among different specimens (Fig. 6B) . Glutp53 staining was eliminated when a prostate cancer section was treated with DTT before antibody exposure (Fig. 6F) , again verifying the specificity. The p53-glut staining in colon cancer samples was punctuate and diffuse (Fig. 6C) ; however, melanoma samples showed the most intense staining (nuclear + cytoplasmic) of all tissues examined (Fig. 6D) . In contrast, the two gastric cancer arrays were negative for glut-p53 (Fig. 6E) , which is surprising given the acidic and ROS-inducing conditions prevalent in this tissue. However, we stress the need for analyzing a large number of tumor samples before drawing conclusions. These data provide strong evidence for the presence of glut-p53 in human normal and malignant tissues, and suggest that inherent oxidative stress and accompanying pathophysiological conditions can generate thiolated p53 and functionally inactivate the tumor suppressor protein.
Discussion
ROS and RNS-generated by cells as products or by-products can function either as signaling molecules or as cellular toxins. Both ROS and p53 participate in multiple cellular processes such as signaling, cell cycle regulation, gene expression and apoptosis; therefore, there is a frequent interplay among them. However, the transcription factor activity of human p53 is inhibited by oxidizing and nitrosylating agents and its biological functions promoted by a reduced milieu both in vitro and in vivo [7] [8] [9] [10] 36] . Previously, we showed that oxidative and genotoxic stresses inhibit human p53 protein through glutathionylaton of Cys 141 in the DNA-binding domain and also curtail the oligomerization [14] .
Increased production of ROS and RNS resulting from oncogenic transformation, accelerated metabolism and/or mitochondrial dysfunction is a characteristic of almost all human cancers [37] . The heightened and chronic oxidative stress levels present in cancers can frequently cause sequential oxidative inactivation of p53 sulfhydryls (SOH, SO 2 H and the terminal SO 3 H) or induce glutathionylation of the same cysteines. Detection and quantitation of this posttranslational modification is cumbersome, as it requires immunoprecipitation of p53 and subsequent probing of western blots with anti-glutathione antibodies [14] . However, such methods are not applicable for cultured cells or fixed tissue sections. Here, we report successful generation and characterization of polyclonal antibodies raised against a peptide bearing the Cys141-glutathionylated peptide of human p53. This is also the first report of glutathionylation-specific antibodies for any protein and is analogous to phospho-specific and acetylation-specific antibodies described for various signaling proteins in the literature.
Modification of cellular proteins by glutathionylation in response to the recurring episodes of oxidative stress both under physiologic and pathologic conditions is an area of intense research. Disulfide linkages are introduced between the ionized cysteines on protein surfaces and glutathione (or GSSG in thiol-exchange reaction) when cells perceive even slight changes in the redox balance. Whether these redox changes occur in the overall intracellular context, nuclear or organelle microenvironments, human cells appear to respond in a unified manner by glutathionylating regulatory and signaling proteins including protein kinases, phosphatases and transcription factors [15, 16, [38] [39] [40] . In most cases, the cysteines targeted for glutathionylation perform essential functions, either structural or catalytic, possess lower pKa values due to the neighboring basic amino acids, and are poised for oxidation or nitrosylation by ROS and RNS respectively. Thus, the same cysteines are likely to be targeted for both glutathionylation and nitrosylation events. Further, the two modifications are closely related and interconvertible. For example, S-nitrosoglutathione can interact with protein-SH groups to induce glutathionylation and nitrosylated protein sulfhydryls (PSNO) can react with GSH to form mixed disulfides [41] . With most substrates, glutathionylation inhibits protein functions and it is widely accepted as a protective mechanism against the irreversible oxidation of SH-groups in redox-sensitive proteins, often at the expense of temporary loss of their activities [15, 16] .
Human p53 encodes ten cysteine residues, present as two clusters, both within the DNA binding domain of the protein. One cluster contains three cysteines (residues 176, 238, and 242) responsible for the coordination of a zinc ion. Zinc binding is essential for the stabilization of p53 in the folded form. The other cluster of cysteines (residues 124, 135, 141, 277) is located near the loop-sheet-helix region of p53 that makes contact with the consensus DNA sequences [13, 14] . Of these, we found Cys-141 was found to be the preferred site for glutathionylation using two mass spectrometry procedures. Furthermore, Cys-141 has been shown to be a site prone to oxidation in p53 bound to DNA [18] . Not all rabbits were efficient in generating the desired antibodies; it appeared that the immunized peptide lost the GSH-linkage and antibodies were produced to the deglutathionylated peptide as well. The antibodies also recognized the cysteinylated p53 but not any other glutathionylated proteins suggesting that the mixed disulfide in the p53 peptide was the target epitope. The specificity of anti-glut-p53 antibodies was verified by ELISA ( Fig. 2A) , DTT-induced dethiolation and elimination of signal on western blots (Figs. 2B,3A , 3B) and immunoflourescence (Fig. 5C ), dose-dependent response observed for the glutathionylated p53 in western blots in mixing experiments (Fig. 2C) , and neutralization of antibodies by the antigenic peptide, but not the unthiolated p53 peptide (Fig. 2E) . It appeared that druginduced glutathionylation can also generate intermolecular crosslinking of p53 (Fig. 3C) as has been observed for the oligopeptidase EP24.15 (42) ; such an event occurs through a thioldisulfide exchange between thiolated and unthiolated protein molecules.
We observed that glut-p53 was present in non-stressed cells albeit at low levels, but it increased significantly after oxidative and DNA damaging treatments (Fig. 3) . When oxidant-treated cells were returned to oxidant-free medium, glut-p53 decreased to undetectable levels, suggesting that the posttranslational modification is transient and easily reversible. These observations support the idea that thiolation and dethiolation of p53 are rapid and dynamic events. Significantly, two cellular mechanisms, namely, protein degradation and dethiolation appear to determine the steady-state glut-p53 levels in human cells. Our experiments indicated that glut-p53 may be unstable in human cells (Fig. 4) . Other data has shown that p53 can specifically associate with glutaredoxin-1 in HCT116 cells (unpublished) . Glutaredoxins are the most thoroughly characterized dethiolating enzymes, and this list now includes sulfiredoxin, thioredoxin and ref-1 [17, 43] . Therefore, the fate of glut-p53 may be determined in a short window of time during which it can be dethiolated and returned to the active p53 pool or degraded in ATP-dependent reactions.
One of the most significant aspects of this study was the demonstration of glut-p53 in human cancer tissues (Figs. 6 B-D) . The immunohistochemical analyses provided first evidence for the presence of p53 glutathionylated at Cys141, particularly in apparently normal/ hyperplastic prostate, prostate adenocarcinoma and melanoma tissues. A vast amount of epidemiological, experimental and clinical evidence suggests that oxidative stress and aging contribute greatly to the etiology and pathogenesis of the prostate cancer [44] . Elevated and constant oxidative stress has been linked to the emergence of proliferative inflammatory atrophy (PIA) and prostatic hyperplasia [45] . Continued ROS production coupled with aberrant androgen signaling, inefficient antioxidant systems, and the consequent accumulation of DNA damage have been tightly linked with the generation of pre-malignant intraepithelial neoplastic (PIN) lesions. Additionally, the expression of a major antioxidant enzyme, glutathione transferase-pi (GSTP1) is silenced through promoter methylation very early in prostate carcinogenesis with virtually all prostate cancers lacking GSTP1 expression [46] . Also, the androgen-stimulated polyamine oxidation leading to the production of H 2 O 2 is a contributing factor in prostatic oxidative stress [47] . Many of these oxidative conditions alone or in combination may explain the presence of abundant glut-p53 in apparently prostatic tissues. Further, the pattern of glut-p53 distribution was similar to that of GST-pi reported in normal glandular prostatic epithelium [48] . The net amount of glut-p53 was lower in prostate cancers compared to the corresponding normal and hyperplastic tissues, implying the possible terminal oxidation of p53, which is not recognized by our antibodies. Therefore, glutathionylation or terminal oxidation of cysteines in p53 protein may represent a hitherto unrecognized mechanism for inactivating the tumor suppressor in human cancers. Although p53 mutations have been reported to be less frequent in prostate cancers [49] , it is possible that thiolation of Cys-141 and other reactive cysteines may curtail p53 function and accelerate prostate carcinogenesis.
Why do cells respond by glutathionylating a part of their p53 pool under adverse conditions including DNA damage and redox imbalance? Truly, this negative regulation is unexpected, given the well-defined roles p53 performs in maintaining the genomic stability. While the exact reasons are unclear, it is tempting to hypothesize that p53 inactivation through a disulfide relay may represent an acute cellular defense strategy for terminating the apoptotic stimuli generated by various stresses. Further, it may facilitate gene expression to suit cellular adaptation and survival. Irrespective of this notion, our studies establish p53 glutathionylation as a physiologically relevant modification. The availability of specific antibodies for glut-p53 should enhance our understanding of redox control of the tumor suppressor in human cancers and p53 response to anticancer therapies, and other disease settings. For example, a recent report described the presence of glut-p53 in the brain tissues from Alzheimer's patients and its predominantly monomeric / dimeric state [50] , clearly in agreement with our previous findings [14] .
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FIG. 1. Initial screening for anti p53-glut antibodies in the serum of 5 immunized rabbits
(A) Top panel-Recombinant p53 (rp53) protein was glutathionylated in vitro and the free GSH in the reactions removed by gel-filtration. One μg each of rp53, glutathionylated rp53 or glutathionylated rp53 treated with 10 mM DTT were subjected to non-reducing SDS-PAGE and the resulting blots probed with whole sera from rabbits at 1:1000 dilution. The bottom panel shows equivalent levels of rp53 present in all lanes after reprobing the membrane with monoclonal anti-p53 (DO-1) antibody. (B) Recognition of in vitro cysteinylated rp53 by different rabbit antisera. Cysteinylated rp53 prepared as above was electrophoresed with or without 10 mM DTT exposure and subjected to western blot analysis. Cys, -cysteine.
FIG. 2. ELISA and immunoblot analyses using purified anti p53-glut antibodies
(A) The glutathionylated antigenic, non-glutathionylated control and glutathionylated scrambled peptides were coated in increasing amounts (1 ng/well to 25ng/well) in microtiter plates and ELISA was performed with purified p53-glut antibodies. The absorbance was read at 450 nm. The graph shows dose-dependent binding of affinity purified p53-glut antibodies to the antigen peptide (filled ◊) but not to the non-glutathionylated control peptide 
FIG. 3. Detection of glutathionylated p53 protein in human tumor cells using anti p53-glut antibodies
Induction of glut-p53 protein was determined in HCT116 cells after 0.4 mM H 2 O 2 treatment for different times (A), after 20 min incubation with H 2 O 2 (0.4 mM), TBH (0.6 mM) and diamide (0.6 mM) (B), with camptothecin (2 μM, 5h) (C), and with camptothecin (2 μM), cisplatin (10 μM), and doxorubicin (5 μM) for 6 and 12 h (C). In the last four lanes of (A) and (B) and last lane of (C) the protein samples were treated with DTT before SDS-PAGE to reverse p53 glutathionylation. C, untreated control; CPT, camptothecin. After the respective treatments, cells were fixed using 4% paraformaldehyde and incubated with p53-glut antibody (1:500 dilution) followed by goat anti rabbit Alexa Flour 594 secondary antibody. The cells were photographed using an Olympus IX 81 microscope. Similar patterns of staining were observed in three independent experiments.
FIG. 6. Immunohistochemistry of glutathionylated p53 in human prostatic tissue and other cancer microarrays using p53-glut antibodies
Paraffin-embedded sections were processed for glut-p53 detection as described in Methods. Representative staining in each cancer or apparently normal tissue adjacent to cancer is shown. In panels A and B, the prostate gland sections were photographed at 20×, 40× and 60× magnifications to visualize the overall and detailed staining distribution in different structures. A, Apparently normal prostatic tissue adjacent to a cancer. p53-glut staining was restricted to the glandular epithelium and was not seen in stroma stained with hematoxylin. B, Prostate adenocarcinoma (Gleason Score 3). The staining pattern and distribution in different hyperplastic and malignant adenocarcinomas were similar to that seen in normal prostate. C, Particulate staining seen in a colon cancer section. D, Intense glut-p53 staining observed in a melanoma. E, Gastric cancer showing no staining for glut-p53. F, Lack of staining in a prostate adenocarcinoma treated with 10 mM DTT for 1h before exposing to glut-p53 antibodies.
